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CamptothecinThe silkworm Fanconi anemia (FA) pathway is required for normal cellular resistance to mitomycin
C (MMC) in silkworms, but little is known about the requirement for repair of other types of DNA
damage. Here we report that silkworm cells deﬁcient for FA proteins FancD2 and FancM exhibit
normal sensitivities to hydroxyurea (HU) and camptothecin (CPT), although FancM-dependent
FancD2 monoubiquitination is induced upon these treatments. Similar results were observed in
cells depleted for Rmi1 and Mhf1, which interact with the FancM protein. We also found that
Rad51-knockdown cells exhibited normal sensitivity to HU despite induction of double-strand
breaks by HU treatment.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction D2-I and functional interaction of D2-I with the downstream FAFanconi anemia (FA) is an inherited human disorder with
chromosomal instability [3]. Because a major phenotype of cells
derived from FA patients (FA cells) is their cellular hypersensitivity
to drugs that induce DNA interstrand cross-links (ICLs), the FA
pathway is thought to be responsible for the ICL repair. DNA ICLs,
in which both strands of duplex DNA are covalently tethered, are
among the most cytotoxic DNA lesions in terms of interrupting
replication and transcription. The FA pathway is believed to have
a crucial role in completing DNA synthesis in the S phase by sens-
ing stalled replication forks and removing DNA ICLs [19,31].
Among 16 known human FA proteins (FANCA, B, C, D1/BRCA2,
D2, E, F, G, I, J/BRIP1, L, M, N/PALB2, O/RAD51C, P/SLX4, and Q/
ERCC4), eight proteins (FANCA, B, C, E, F, G, L, and M) are assembled
into a nuclear E3 ubiquitin ligase complex, called the FA core com-
plex, in response to ICLs. The core complex mediates monoubiqui-
tination of FANCD2 and FANCI (D2-I), which is a key regulatory
step in the pathway, followed by the chromatin localization ofproteins [32].
FANCM is believed to be responsible for detecting ICL-blocked
replication forks, thereby initiating the FA pathway. It forms a
complex with its binding partner FAAP24 and a histone fold pro-
tein complex MHF1-2, and the FANCM complex appears to localize
to ICL sites at stalled replication forks [35,2], which is important for
FANCD2 monoubiquitination [4]. Following the monoubiquitina-
tion, the FA pathway coordinates several DNA repair pathways
involving nucleotide excision repair, homologous recombination
(HR), and trans-lesion synthesis [14,11]. The HR pathway is
thought to be essential for completing the damage repair because
it enables the stalled replication fork to restart by generating an
intact replication fork. During HR, one of the important steps is
recruiting RAD51 to sites of DNA damage, which is promoted by
several FA proteins including FANCD1, N, and O [17,34,36,6].
For repairing DNA ICLs induced by mitomycin C (MMC), the
interaction between FANCM and the Bloom syndrome complex
composed of BLM, RMI1, RMI2, and topoisomerase III (BLM
complex) is also required [4]. In addition to MMC, chicken cells
deﬁcient in FANCM are hypersensitive to the ribonucleotide reduc-
tase inhibitor hydroxyurea (HU), the topoisomerase I inhibitor
camptothecin (CPT), and ultraviolet (UV) light [23,22]. Further-
more, FANCD2 monoubiquitination can be induced by treatment
with ionizing radiation (IR), UV, CPT, and HU [1,7,9], although the
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FA-D1, and FA-N subtypes—are normal or mild [9,25].
The silkworm, Bombyx mori, is a lepidopteran insect with holo-
centric chromosomes, and exhibits a high tolerance to radiation
damage [18,30]. Male silkworms undergo a genetic crossing over,
whereas females lack this event and its recombination-associated
structure, a recombination nodule [21]. These ﬁndings have sug-
gested that this species has unique genome maintenance machin-
ery. We have previously shown that silkworm FA proteins FancD2,
I, L, and M are required for ICL repair, although most of the FA core
complex components are absent from this species [27,28]. Like
human FANCM, silkworm FancM appears to act as a landing pad
for the FA core complex and BLM complex [28]. Silkworm FancM,
however, lacks the C-terminal nuclease domain found in human
FANCM, which, given the several roles of FANCM in DNA binding
and resistance to CPT in humans [33,2,25], suggests that the coor-
dination of DNA repair pathways in response to several types of
DNA damage in these two species may differ.
The results reported here suggest that the silkworm FA pathway
is activated by a variety of DNA-damaging agents such as MMC,
HU, and CPT, although it does not play an essential role in repairing
lesions induced by HU and CPT. On the other hand, HR is required
for the repair of MMC- and CPT-induced DNA damage, but appears
to be dispensable for that of HU-induced lesions. These contribu-
tions to DNA damage resistance are partially different from those
reported in vertebrate cells.
2. Results and discussion
To investigate whether FancD2 monoubiquitination can be
induced by several types of DNA-damaging agents in cultured
silkworm cells, the monoubiquitination status of FancD2 was
examined upon treatment with HU and CPT agents in BmN4-
SID1 cells stably expressing the FancD2 protein tagged with a
3  FLAG epitope, as described in a previous paper [27] (Fig. 1A).
The FancD2 monoubiquitination mutant (D2KR) was used to con-
ﬁrm the band of non-ubiquitinated FancD2 (FancD2-S) [27]. AsExpressed protein : D2D2KR ー
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Fig. 1. FancM-dependent FancD2 monoubiquitination in response to HU and CPT treatm
monoubiquitination in BmN4-SID1 cells. The L/S value represents the amount ratio o
expression were quantiﬁed with ImageJ software. Control cells not expressing recombinan
not treated. (B) FancM depletions mediated by two dsRNAs dsFACNM-2 and dsFANCM
treatments. Control cells not expressing recombinant FancD2 were included; the upperexpected, elevated levels of monoubiquitinated FancD2 (FancD2-
L) were observed in BmN4-SID1 cells after three-day exposure to
MMC, HU, and CPT. This suggests that the FA pathway can be acti-
vated by several types of DNA damage, although it remains a pos-
sibility that the monoubiquitination status of the ectopically
expressed construct does not reﬂect that of endogenous FancD2.
We previously demonstrated that FancM is required for FancD2
monoubiquitination in response to MMC treatment in BmN4-SID1
cells [28]. To determine whether the increased levels of monoubiq-
uitinated FancD2 induced by HU and CPT depend on the presence
of the FancM protein, the ratio of monoubiquitinated to non-
ubiquitinated FancD2 was measured under silencing of FancM
mediated by two dsRNAs that were previously shown to be effec-
tive in this regard [28] (Fig. 1B). Treatment with dsFANCM-2 or -3
induced obvious inhibition of FancD2 monoubiquitination upon
HU and CPT treatments, suggesting that FancM may sense the
DNA damage induced by HU and CPT and activate the FA pathway.
In our previous experiment in silkworms, FA proteins were
required for MMC resistance, whereas Mhf and BLM complex pro-
teins were dispensable for such resistance; these results differed
from those in human cells [4,26,28,35]. The difference between
silkworms and humans suggests that some DNA repair pathways
function differently in response to MMC treatment in these organ-
isms. To explore the role of FA proteins and BLM complex proteins
in resistance to HU and CPT treatments in BmN4-SID1 cells, we
investigated the effect of inhibition of these proteins on cell prolif-
eration in the presence of HU and CPT. BmN4-SID1 cells depleted of
FancD2 displayed normal cell proliferation upon HU or CPT treat-
ment compared with cells treated with a negative control dsDMC1
(Fig. 2A and B); the results were similar to those observed in the
FA-D2 cells [9,25]. Given the signiﬁcant role of RAD51 in homolo-
gous recombination-mediated double-strand break repair that can
be caused by HU and CPT treatment [13,5], this silkworm gene was
included as a positive control in these assays (Fig. 2). Rad51-
depleted BmN4-SID1 cells, however, did not exhibit sensitivity to
the HU agent, indicating that HR is dispensable for repairing DNA
lesions induced by HU (Fig. 2A, C, E and G).D2 D2 D2ー ー ー
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Fig. 2. Growth rates of BmN4-SID1 cells deﬁcient for FA and BLM complex proteins in the presence of HU or CPT. The survival curves of FancD2 (A, B), FancM (C, D), Mhf1 (E,
F), and Rmi1 (G, H) knockdown cells upon HU and CPT treatments. The percent cell growth relative to HU- and CPT-untreated cells is presented. The data shown represent one
of three independent experiments with similar results. Error bars represent the standard deviations of the means of triplicate wells.
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Table 1
MMC, HU, and CPT sensitivity of BmN4-SID1 cells deﬁcient for FA-related proteins.
Knocked-down proteins MMC sensitivity HU sensitivity CPT sensitivity
Rad51 Sa,b Rc Sc
FancD2 Sa Rc Rc
FancM Sb Rc Rc
FancI Sa ND ND
FancL Sa ND ND
Mhf Rb Rc Rc
Rmi1 Rb Rc Rc
Blm Rb ND ND
S; sensitive, R; resistant, ND; not done.
a The sensitivity was determined as previously described [27].
b The sensitivity was determined as previously described [28].
c The sensitivity was determined in the present study.
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and CPT agents [23,25]. On the other hand, BLM deﬁciency is asso-
ciated with sensitivity to CPT, but not to HU in human cells [12,20].
With respect to MHF, survival assays of CPT-treated HeLa cells
depleted of MHF1 and MHF2 proteins were carried out, and it
was revealed that MHF was required for resistance to CPT
[26,35]. Fig. 2C–H showed that the depletion of FancM, Rmi1, or
Mhf1 did not sensitize silkworm cells to HU and CPT agents, sug-
gesting that the FA proteins and BLM complex proteins are not
essential for repairing DNA damage caused by HU and CPT treat-
ments. The normal resistance of FancM-knockdown cells to CPT
treatment may be caused by the lack of the C-terminal nuclease
domain from silkworm FancM [28,25].
Our observation of the insensitivity of Rad51-deﬁcient cells to
HU raises the possibility that HU treatment did not induce DSBs
on the genome. To analyze DSB formations in silkworm cells, we
employed BmN4-SID1 cells stably expressing a chimeric histone
H2A variant BmHsH2Av, by which the phosphorylation of H2AZ
in response to DSBs can be detected [24]. Increased levels of
BmHsH2Av phosphorylation were observed in all MMC-, HU-,
and CPT-treated BmN4-SID1 cells, demonstrating that DSBs were
generated by HU treatment as well as by MMC and CPT treatments
(Fig. 3). Because chromosomal DSBs in cultured silkworm cells
were repaired by HR, non-homologous end-joining (NHEJ), and sin-
gle-strand annealing (SSA), HU-induced DSB formations may be
repaired by NHEJ and/or SSA [16].
The present study and our previous investigations reveal a dif-
ferential DNA damage response to MMC, HU and CPT treatments in
silkworms (Table 1). MMC-induced DNA ICLs appear to be recog-
nized by the FancM protein, resulting in repair by the FA and HR
pathways but not by the BLM pathway in silkworm cells. In
response to HU treatment, all FA, HR, and BLM pathways may be
dispensable for repair of DSBs even though FancM-dependent
FancD2 monoubiquitination is induced. On the other hand,
CPT-induced DNA damage leads to FancM-dependent FancD2
monoubiquitination and is much more likely to be repaired by an
HR-mediated pathway; the FA and BLM pathways are not essential
for overcoming this type of damage. Since BmN4 cells with holo-
centric chromosomes have polyploidy genomes and exhibit a high
tolerance to some kinds of DNA damage [27,30], their regulation of
DNA damage responses may differ from those of vertebrate cells.
More recently, it was suggested that during meiosis, Arabidopsis
thaliana FancM and MHF1-2 limit the crossing-over frequency
[8]. Although it is unknown whether silkworm FancM is associated
with the inhibition of crossing over in females, the FancM protein
seems to play a wider role in genome maintenance in eukaryotesBmHsH2Av
p-BmHsH2Av
MMC HU CPTNT
BmHsH2Av
expression
Fig. 3. Detection of DSBs induced by treatments with MMC, HU, and CPT. Because
the BmHsH2Av construct becomes phosphorylated at sites of DSBs, the intensity of
the band of p-BmHsH2Av is largely proportional to the number of DSBs (upper
panel). The FLAG antibody was used to verify the amount of loading protein in each
lane since it recognizes the BmHsH2Av construct (lower panel). Control cells not
expressing BmHsH2Av were included; the increase in band intensity represents
BmHsH2Av phosphorylation.and prokaryotes [10,29]. Further investigation of how the silk-
worm FA-related protein may function differently will lead to
understanding of how these conserved proteins function in other
organisms. Moreover, elucidation of the mechanism of silkworm
DNA damage response may uncover why some species show par-
ticularly strong resistance to DNA damage.
3. Materials and methods
3.1. Cell culture
RNAi-sensitive BmN4-SID1 cells [15] were maintained at 27 C
in EX-CELL 420 medium (Sigma) supplemented with 10% fetal
bovine serum (Biowest). BmN4-SID1 is a derivative cell line gener-
ated from BmN4 cells, which are derived from ovary tissues.
3.2. Establishment of cell lines stably expressing FancM and
BmHsH2Av
FLAG-tagged FANCD2 and BmHsH2Av in an entry vector were
transferred into Gateway destination expression vector, pPG132,
by LR clonase II (Invitrogen), and the stable expression cell lines
were established as described previously [28]. In brief, FancD2 or
BmHsH2Av expression vectors and transposase expressing piggy-
Bac-helper plasmid were transfected using Fugene HD (Promega)
during overnight incubation, following which the transformants
were selected by puromycin resistance.
3.3. Double-stranded RNAs
All dsRNAs used in the present study have been described in
previous experiments [27,28]. Single cDNA fragments for the
FANCM, FANCD2, MHF1, RMI1, RAD51, and DMC1 genes were cloned
into pLits vectors, following which dsRNAs were generated by
in vitro transcription using a MEGASCRIPT T7 transcription kit
(Ambion).
3.4. Chemicals
Mitomycin C, hydroxyurea, and camptothecin were purchased
from Sigma.
3.5. Cell proliferation assay
Cell proliferation assays were carried out using Cell Counting
Kit-8 (DOJINDO) as described previously [28]. In brief, knockdown
cells mediated by dsRNAs were seeded onto microtiter plates with
culture medium containing dsRNAs, and exposed to the indicated
concentration of HU or CPT. Since CPT is dissolved in DMSO, cells
in CPT-free medium were treated with equal amounts of DMSO.
R. Sugahara et al. / FEBS Letters 588 (2014) 3959–3963 3963Seven days after treatment with DNA damage agents, WST-8 solu-
tion was added to each well and the absorbance of each well was
taken as a measure of living cells. The cell proliferation rate relative
to cells in agent-free medium was plotted.
3.6. Detection of BmHsH2Av phosphorylation
BmN4-SID1 cells stably expressing the BmHsH2Av construct
were exposed to 40 lM MMC, 20 mM HU, and 1 lM CPT for three
days and subjected to Western blot analysis with anti-phospho-
histone H2A.X antibody (clone JBW301; Millipore) and anti-M2
FLAG antibody (SIGMA). The latter antibody was used to verify
the amount of loading protein in each lane.
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